Abstract The oxidation of elemental mercury (Hg 0 ) by dielectric barrier discharge reactors was studied at room temperature, where concentric cylinder discharge reactor (CCDR) and surface discharge plasma reactor (SDPR) were employed. The parameters (e.g. Hg 0 oxidation efficiency, energy constant, energy yield, energy consumption, and O3 concentration) were discussed. From comparison of the two reactors, higher Hg 0 oxidation efficiency and energy constant in the SDPR system were obtained by using lower specific energy density. At the same applied voltage, energy yield in the SDPR system was larger than that in the CCDR system, and energy consumption in the SDPR system was much less. Additionally, more O3 was generated in the SDPR system. The experimental results showed that 98% of Hg 0 oxidation efficiency, 0.6 J·L −1 of energy constant, 13.7 µg·kJ −1 of energy yield, 15.1 eV·molecule −1 of energy consumption, and 12.7 µg·J −1 of O3 concentration were achieved in the SDPR system. The study reveals an alternative and economical technology for Hg 0 oxidation in the coal-fired flue gas.
Introduction
Coal-fired power plants are a primary source of anthropogenic mercury emissions in the world [1] . Due to the high toxicity, persistence, and bioaccumulation as methylmercury in the environment, mercury emissions from coal-fired power plants have caused a considerable concern [2, 3] . The U.S. emission standard allows no more than 9% of mercury in flue gas to be released to the atmosphere [3, 4] . As one of the largest coal producers and consumers, China releases large amounts of Hg. During 1995-2003, mercury emissions increased from 202 t to 260 t at an annual growth rate of 5.9% from coal-fired power plants [5] , even higher during 2004-2010 [6] . On July, 2011, Chinese government claimed that the emission of mercury and its compounds should be less than 0.03 mg·m −3 after 2015. To meet the needs of the mercury regulations, the development of technologies reducing the mercury emissions from coal-fired flue gas has become an urgent issue.
The efficacy of mercury control technologies depends mainly on the form of mercury [7, 8] . There are three basic forms of mercury: elemental mercury (Hg 0 ), oxidized mercury (Hg 2+ ) and particulate-bound mercury (Hg p ). Hg p can be efficiently removed by electrostatic precipitators (ESPs) and fabric filters. Hg 2+ is easily removed in wet flue gas desulfurization system because of highly water soluble [8, 9] . However, Hg 0 are hardly captured by these devices due to its high vapor pressure and nearly insolubility in water [10, 11] . Unfortunately, Hg 0 is the dominant mercury species in the flue gas. Therefore, considerable works have been done to remove Hg 0 . A promising technology for removal of Hg 0 is to oxidize Hg 0 to Hg 2+ in coal-fired flue gas by nonthermal plasma (NTP).
NTP technologies have been under extensive investigation for the removal of a variety of pollutants, including NO x , SO 2 , VOCs, and Hg 0 [12−17] . Dielectric barrier discharge (DBD) plasma as one of NTP technologies has been receiving great emphasis for Hg 0 oxidation [18−20] due to its homogeneous stable discharge features. During the discharge process, the energetic electrons were generated, and these electrons collide with gas molecules (O 2 , N 2 and H 2 O) to produce a * supported by National Natural Science Foundation of China (No. 51177007) and Ministry of Science and Technology of China (No. 2009AA064101-4) large number of active species (·H, ·N, ·O, O 3 , ·OH, and ·HO 2 etc.), and some oxidizing radicals (·O, O 3 , ·OH, and ·HO 2 , etc.) are responsible for Hg 0 oxidation. For practical application of DBD reactors, it is very important to investigate the differences between plasma reactors in their physical and chemical properties, such as electron energy, the pattern of plasma discharge and discharge characteristic [21] , which depends mainly on the type of power supply, electrode structures and gas atmospheres [22] . Among them, electrode structures significantly influence the plasma characteristic in the reactors. Thus, it is of great importance to study the effect of electrode structures on DBD reactor for maximizing energy utilization of Hg 0 . Two high-voltage electrodes (spiral electrode and copper screw rod electrode) were used in the study. Spiral electrode reactor and copper screw rod electrode are referred to as surface discharge plasma reactor (SDPR) and concentric cylinder discharge reactor (CCDR), respectively. The work was primarily focused on investigating the influence of CCDR and SDPR on discharge characteristic and Hg 0 oxidation. Energy efficiencies of CCDR and SDPR in the Hg 0 oxidation were compared in terms of energy constant, energy yield and energy consumption. O 3 concentration was also studied for both reactors. The main purpose of the study is to reveal an alternative and cost-efficient method for Hg 0 oxidation in the coal-fired flue gas. 
Experiment
The schematic diagram of the experimental setup was illustrated in Fig. 1 . As shown in Fig. 1(a) , it consisted of a reactor system with power supply, gas mixture supply and analytical instruments. In this work, a AC power supply (0-12 kV, 50 Hz) was used. Schematic diagram of the experimental setup for CCDR was presented in Fig. 1(b) . A copper steel screw rod (5.5 mm diameter) was placed along the center of the quartz glass tube (12 mm inner diameter, 15 mm outer diameter). The outside of the CCDR was closely wrapped with a slice of silver paper acting as the grounded electrode, and the effective length of discharge was about 200 mm. Schematic diagram of the experimental setup for SDPR was shown in Fig. 1(c) . The high-voltage electrode was made of a stainless steel spiral electrode (1 mm diameter). The quartz glass tube, the ground electrode and the effective length of discharge were the same as used in the CCDR. 
Analysis
The voltage and current were measured with a voltage probe (Tektronix P6015A) and a current probe (Tektronix P6021), respectively. The voltage-charge (V -Q) Lissajous method (C=1 µF) was employed to measure the discharge power (W ). All experiments were kept at 4.5 L·min −1 at atmospheric pressure and room temperature. A Dynacal mercury permeation device (VICI Metronic, Inc. USA) was used to provide trace mercury vapor of desired Hg 0 concentration (110 µg·m −3 ). A RA-915+ mercury analyzer (Lumex, RU) was employed to measure Hg 0 concentrations. Interferences on Hg 0 measurement by the empty experimental setup were verified to be negligible. The ozone (O 3 ) concentrations in simulated flue gas were measured by the iodometry method [23] which is based upon the theory that ozone can oxidize iodide ion to form iodine. O 3 was bubbled through an impinge containing 350 mL 2% KI solution. When bubbling was stopped (10 min), 5 mL 5% sulfuric acid was added into the KI solution. The liberated iodine was titrated to a starch endpoint with 0.1 mol·L −1 standardized sodium thiosulfate.
The Hg 0 oxidation efficiency is defined as follows: The specific energy density (SED), energy yield and energy consumption were calculated:
Energy yield (µg · kJ
Energy consumption(eV · molecule Typical applied voltage and discharge current waveforms for the CCDR and SDPR were shown in Fig. 2 . At 12 kV, the current waveform is characterized by the number of current pulses which is typical of the filamentary plasma discharge corresponding to the microdischarges in the discharge gap [24] . These microdischarges were uniformly distributed in the surface of the reactor, and were of nanosecond duration per half-cycle of the applied voltage and produced a large number of active species that led to the chemical reactions [25] . As seen, the current pulse of SDPR was weaker than that of CCDR because air gap of CCDR between high voltage electrode and dielectric was higher than that of SDPR, but the electric current density of SDPR was obviously larger than that of CCDR because the employment of spiral electrode generated a mass of surface streamers propagating along the interface of high-electrode and dielectric surface, which was directly correlated with the concentration of chemical active species. Hence, more active species were produced in the SDPR, this observation might lead to higher Hg 0 oxidation efficiency. The Lissajous figures of the CCDR and SDPR corresponding to Fig. 2(a) and (b) were shown in Fig. 3 , respectively. The plasma energy was calculated by V -Q Lissajous method. The power of the SDPR was determined by measuring the voltages across the 1 µF capacitor. The voltage through the 1 µF capacitor corresponds to the charge, which is equal to the charge deposited on the reactor, and the energy per cycle was obtained using Lissajous figure [26] . And the area of the parallelogram represents the discharge energy dissipated in the reactor per cycle, and the power is obtained by multiplying the energy per cycle by the desired frequency [27] . As shown in Fig. 3 , the slope of (1-2) and (4-3) is equal to the capacitance of dielectric reactor C diel , and the slope of (2-3) and (1-4) represents the total capacitance of the discharge reactor C tot . V b is the effective gas breakdown voltage, which can be calculated from the Lissajous figure. The total charge (dQ) is transferred by the microdischarge per half cycle [28] . Comparing the Lissajous figures of the CCDR and SDPR, the breakdown voltage of SDPR was lower than that of CCDR due to the smaller air gap of SDPR between high voltage electrode and dielectric, and then more plasma channels and microdischarges were generated in the reactor at the same applied voltage, which resulted in more active species and higher Hg 0 oxidation efficiency. Moreover, smaller total capacitance of the SDPR was obtained, which has some advantages, for example, the onset voltage can be decreased and the dielectric loss in the quartz glass is reduced [22] . Comparative studies on the Hg 0 oxidation efficiency of the CCDR and SDPR systems was shown in Fig. 4 . Under the same SED of 7.5 J·L −1 , Hg 0 oxidation efficiency of 98% was observed for the SDPR, with a drop of about 9% for the CCDR. Therefore, higher oxidation efficiency of Hg 0 was obtained with the SDPR under the same SED. Fig. 4 also indicated that the available SED for maintaining the same Hg 0 oxidation efficiency for CCDR system was obviously higher than those for SDPR, and thus lower energy input could be obtained for SDPR. For example, 7.9 J·L −1 of SED can oxidize 98% of Hg 0 for SDPR, as compared with 21.2 J·L −1 for CCDR system. This may be due to the fact that the number of micro-discharge pulses in the SDPR is much larger than that in the CCDR system, which is directly related to Hg 0 oxidation efficiency via chemically active species. 
O 3 concentration of the CCDR and SDPR systems
O 3 concentration of the CCDR and SDPR systems was illustrated in Table 1 . Compared with the CCDR system, more O 3 was produced in the SDPR system. In the CCDR system, with an increase of the applied voltage from 10 kV to 12 kV, O 3 concentration enhanced from 3.0 µg·J −1 to 4.6 µg·J −1 . However, in the SDPR system, O 3 concentration largely increased from 7.3 µg·J −1 to 12.7 µg·J −1 at the same applied voltage. Besides the larger number of the micro-discharge pulses for SDPR might result in more O 3 concentration, another probable reason is that the adsorbed atomic oxygen on the inner surface of the SDPR was much more because the surface of the barrier is in closer proximity to the plasma compared with CCDR, and O atom (O ads ) could also be involved in the production of O 3 . 
Energy constant of the CCDR and SDPR systems
The energy constant, k E (L·J −1 ), was used to evaluate the performance of the reactor process efficiency from the following equation [29−32] . The process efficiency depends mainly on the Hg 0 initial concentration.
Generally, energy constant is represented as 1/β (where β is the exponential-folding parameter). For analogy with chemical kinetics, the oxidation efficiency can be expressed by k E . Therefore, the larger the k E , the higher the oxidation efficient, and fast chemical reactions are characterized by large kinetic constants. The data of Fig. 4 are calculated from Eq. (5). As shown in Fig. 5 , in the SDPR system, a k E of 0.6 L·J −1 was achieved, whereas a large decrease was observed to be about 0.2 L·J −1 in the CCDR system. The phenomenon suggested that the SDPR was more effective in Hg 0 oxidation than the CCDR. 
Energy yield and energy consumption of CCDR and SDPR systems
Energy yield and energy consumption are also employed to characterize the energy performance of Hg 0 oxidation for SDPR and CCDR from macroscopic and microcosmic aspects, respectively. Energy yield and energy consumption for the CCDR and SDPR systems were listed in Table 2 . As shown, energy yield had a drop with an increase of applied voltage in the CCDR and SDPR systems, but there was a remarkable difference in energy yield between the CCDR and SDPR systems, energy yield in the SDPR system was observed to be much higher than that in the CCDR system. For example, in the SDPR system, energy yield decreased from 18.2 µg·kJ −1 to 13.7 µg·kJ −1 with an increase of the applied voltage from 10 kV to 12 kV. However, the maximum energy yield reached only 6.5 µg·kJ −1 in the CCDR system. In the plasma discharge process, energetic electrons are formed, and then collide with N 2 and O 2 gas molecules to produce active species by the reactions:
Eventually some based-oxygen species can contribute to the oxidation of Hg 0 :
However, in the NTP process, some active species could react with each other and some undesired reactions can take place.
The active species are nonuniformly distributed in and around the plasma channels [33, 34] . Therefore, at higher SED, more mutual reactions occur with an increase of the concentration of active species. This explains why energy consumption increases with an increase of SED for the CCDR and SDPR.
In the study, lower energy consumption and higher energy yield for Hg 0 oxidation were observed in the SDPR system. On one hand, the number of microdischarge pulses in the SDPR is much larger than that in the CCDR system at the same applied voltage, which results in higher O 3 concentration in the SDPR system compared to the CCDR system. This is why lower energy consumption and higher energy yield are observed for the SDPR system. On the other hand, some literatures showed that O atom in NTP process can be adsorbed and stabilized on dielectric surfaces, and the lifetime of the adsorbed O atom (O ads ) may sustain for hours [35] . O → O ads (15) O ads + Hg 0 → HgO(s)
The adsorbed atomic oxygen on the inner surface of the SDPR was much more due to closer proximity of the surface of the barrier compared with CCDR. The adsorbed atomic oxygen may also be a factor in the lower energy consumption and higher energy yield for Hg 0 oxidation in the SDPR compared to the CCDR.
Conclusions
In this study, the oxidation of Hg 0 was investigated by utilizing both CCDR and SDPR at room temperature. For both the reactors, the current pulse of SDPR was weaker than that of CCDR because of larger air gap of CCDR between high voltage electrode and dielectric, but the electric current density of SDPR was obviously larger than that of CCDR. More plasma channels and microdischarges were generated in the SDPR, which resulted in more active species. Higher Hg 0 oxidation efficiency in the SDPR system could thus be obtained. And the SDPR system had higher energy constant k E , larger energy yield and lower energy consumption compared with the CCDR system employed in this study. Active species (especially O 3 concentration) in SDPR system was also higher than that in CCDR system. Therefore, the SDPR is an alternative and efficient reactor for oxidation of Hg 0 .
